The viscous flow and crystallization behavior of CaO-SiO 2 -MgO-Al 2 O 3 -Fe t O-P 2 O 5 -TiO 2 steelmaking slags have been investigated over a wide range of temperatures under Ar (High purity, >99.999 pct) atmosphere, and the relationship between viscosity and structure was determined. The results indicated that the viscosity of the slags slightly decreased with increasing TiO 2 content. The constructed nonisothermal continuous cooling transformation (CCT) diagrams revealed that the addition of TiO 2 lowered the crystallization temperature. This can mainly be ascribed to that addition of TiO 2 promotes the formation of [TiO 6 ]-octahedra units and, consequently, the formation of MgFe 2 O 4 -Mg 2 TiO 4 solid solution. Moreover, the decreasing viscosity has a significant effect on enhancing the diffusion of ion units, such as Ca 2+ and [TiO 4 ]-tetrahedra, from bulk melts to the crystal-melt interface. The crystallization of CaTiO 3 and CaSiTiO 5 was consequently accelerated, which can improve the phosphorus content in P-enriched phase (n2CaOAESiO 2 -3CaOAEP 2 O 5 ). Finally, the nonisothermal crystallization kinetics was characterized and the activation energy for the primary crystal growth was derived such that the activation energy increases from À265.93 to À185.41 KJAEmol À1 with the addition of TiO 2 content, suggesting that TiO 2 lowered the tendency for the slags to crystallize.
I. INTRODUCTION
THE production of crude steel in China surpassed 800 million tons in 2015, disposing nearly 80 to 100 million tons of steelmaking slags.
[1] Nevertheless, only about 30 wt pct of steelmaking slags were recycled as construction materials, soil conditioners, fertilizers, recovery of metals or recovered in iron-and steelmaking process, etc. [2] [3] [4] [5] [6] [7] Among these utilization methods, the most effective way of using the steelmaking slags was recycled into the iron-and steelmaking process, which may inevitably result in the enrichment of phosphorus in the slags and further increase the burden in the following dephosphorization process. [8] [9] [10] Thus, the lowering of the phosphorus content in steelmaking slags is of primary concern for further utilization of P-bearing steelmaking slags. The selective crystallization and phase separation (SCPS) method has been proved to be the most efficient way to recycle the phosphorous in steelmaking slags. [11] [12] [13] During the SCPS process, the selective crystallization is the key step to enrich phosphorous successfully into a certain phase, which can be separated and used as phosphorus fertilizer, and the residues may be recycled into the iron-and steelmaking process.
During the early 1960s and 1980s, several investigations were conducted to detect the dephosphorization process. [14] [15] [16] [17] These investigations were mainly based on the CaO-SiO 2 -Fe t O-P 2 O 5 system to study the mechanism of dephosphorization, and the n(2CaOAESiO 2 -3CaOAEP 2 O 5 ) (nC 2 S-C 3 P) solid solution was considered to be the efficient P-enriched phase. Based on these investigations, various studies have been explored to reveal how to boost the phosphorus content in nC 2 S-C 3 P solid solution through adding different additives into the complex CaO-SiO 2 -MgO-Al 2 O 3 -Fe t O-P 2 O 5 multiphase. [9, [18] [19] [20] [21] A series of studies has been carried out to explore the P concentrating phase in steelmaking slags modified by Fe 2 O 3 , P 2 O 5 , Al 2 O 3 , and CaF 2 additives, [22] [23] [24] [25] where the essential structure of the slags has been systematically studied, especially Fe 3+ , P 5+ , Al 3+ , and F À . Meanwhile, some other studies about the structure also replenished the investigation of the slags. [26] [27] [28] [29] Nevertheless, the existing data are still too limited to cover all of the slag compositions. Some studies showed that TiO 2 can also be used as an additive to improve P (or V) solid solubility in the P (or V)-enriched phase, [19, 30] during which process the viscosity and crystallization ability changed correspondingly. It is well known that Ti 4+ can act as a network former cation with fourfold coordination of oxygen or a network modifier cation with sixfold coordination of oxygen. The effect of TiO 2 on enrichment of phosphorus was strongly needed for systematical extrapolation to expand the previous experimental data.
The objective of the present study was to provide a comprehensive exploration and discussion of CaOSiO 2 -Al 2 O 3 -MgO-Fe t O-P 2 O 5 slags modified by TiO 2 with the content range from 0 to 10 wt pct, including the variation of viscosity and structure of the melts, the precipitation sequence of the crystals, and the kinetics of the primary crystals during the continuous cooling.
II. EXPERIMENTAL
The raw materials of the synthetic slags were analytical grade CaO, SiO 2 , MgO, Al 2 O 3 , Fe 2 O 3 , P 2 O 5 , and TiO 2 . The samples were prepared at 1823 K (1550°C) under 0.3 L/min of Ar (High purity, >99.999 pct) in a platinum crucible to obtain the homogeneous slags for 2 hours. The molten slags were then quenched into water rapidly and crushed for the primary experiments. The quenched slags were examined by X-ray diffraction (XRD) to ensure the glassy phase, as shown in Figure 1 . The chemical compositions of the premelted slags for the current study were analyzed by X-ray fluorescence, as shown in Table I , where Fe 3+ / P Fe were determined by the titration method. Additionally, the equilibrium state of the molten slag can be achieved when the holding time was beyond 2 hours. It can be clarified through the constant Fe 3+ / P Fe values. It is therefore reasonable to conclude that the premelted slags with the holding time for 2 hours can be used for further measurement.
The viscosity measurement was carried out by a rotating cylinder method using a rotating spindle connected to a calibrated Brookfield digital viscometer (model LVDV-II+, Brookfield Engineering Laboratories, Middleboro, MA). The experimental apparatus for the viscosity measurement and the other details of the experimental apparatus can be found in our previous study. [25, 31] Within the scope of the viscosity measurement, although the oxygen partial pressure around the Mo crucible was low enough, the Mo crucible was inevitably oxidized as MoO x . The MoO x contents after the viscosity were less than 0.71 wt pct, and the change before and after the viscosity measurement is less than 0.32 wt pct. Therefore, the effect of MoO x can be ignored during the viscosity measurement.
The nonisothermal melt crystallization of the slags was evaluated with a differential scanning calorimeter (DSC) by a SETARAM instrument (Setsys Evolution, S60/58341, SETARAM Instrumentation, France) in Ar atmosphere (Ar purity >99.999 pct) at a flow rate of 60 mL/min with a-Al 2 O 3 as the reference. Before the DSC experiment, the instrument calibration was performed using high-purity metals of Al, Ag, Au, and Ni. Then, about 40-mg slags were heated up at a constant heating rate of 20 K/min in a platinum crucible with a diameter of 5 mm and a height of 8 mm. The molten slags were held at 1823 K (1550°C) for 5 minutes to homogenize the chemical composition. Subsequently, the slags were cooled at different cooling rates (5, 10, 15, 20 , and 25 K/min). Furthermore, the baseline was employed to calibrate the DSC curves for the buoyancy effect.
Since the molten slags after DSC measurements are too small to identify the crystal phases by XRD and SEM, a series of heat treatment experiments was carried out to determine the sequence of crystalline phase precipitation. First, the previous premelted slags were heated to 1823 K (1550°C) and cooled to the target temperature at a cooling rate of 10 K/min. Afterward the slags were held about 30 minutes at each target temperature and then quenched by water. The crystals in slags were identified by XRD and the scanning electronic microscopy equipped with energy-dispersed spectroscopy (SEM/EDS).
A more quantitative analysis of structure can be obtained by using Raman spectra performed with a multichannel modular triple Raman system (JY-HR800, Jobin-Yvon, France) with excitation wavelength of 532 nm and a 1-mW semiconductor laser as the light source. Solid-state 29 Si MAS-NMR measurements of the power glasses were recorded on a 400 M FT-NMR spectrometer (Bruker Avance III 400M, Germany) using a MAS probe with 4-mm ZrO 2 rotor and two pairs of Dupont Vespel caps.
III. RESULTS

A. Viscosity Measurement
The effect of TiO 2 addition on the viscosity of the typical basic oxygen CaO-SiO 2 -Al 2 O 3 -MgO-Fe t O-P 2 O 5 steelmaking slags at a fixed CaO/SiO 2 ratio of 1.8 is shown in Figure 2 . It can be noted that the slag viscosity decreases with increasing TiO 2 content. Despite different slag compositions investigated, the variation trend of present results is in good agreement with the previous results. Zheng et al. [31] have investigated the effect of TiO 2 addition on the viscosity of CaO-SiO 2 -TiO 2 (C/ S = 1.2) slags and found that the viscosity of these ternary slags decreased with an increment in the content of additive TiO 2 . Park et al. [32] reported that TiO 2 behaved as the basic oxide and lowered the viscosity in the CaO-SiO 2 -Al 2 O 3 -MgO-based slags by depolymerizing the silicate network structure. Wang et al. [33] examined the effect of TiO 2 addition on the viscosity of the CaO-SiO 2 -Al 2 O 3 -MgO-Na 2 O-B 2 O 3 system in the temperature range of 1583 K to 1448 K (1310°C to 1175°C) and obtained the similar variation trend. Furthermore, the relative viscosity reported by the present study is lower than that of previous investigations, which can be ascribed to the higher basicity and more complex multiphase in the present study.
B. DSC Investigation
The DSC investigation of the studied slags was inquired under nonisothermal conditions at five cooling rates. Figure 3 records the DSC curves of the slags with different TiO 2 contents during a continuous cooling process at cooling rates of 5, 10, 15, 20, and 25 K/min, respectively. According to Jung et al., [26] each separate peak suggested a discrete crystallization of different phases during the cooling process. The starting point of the crystallization (onset temperature, T onset ) was taken from the intersection between the tangent line of the heat flow curve before the exothermic peak and the tangent line of the steep exothermic peak curve, as shown in Figure 3 (a). At all considered cooling rates, the DSC curves of slag 1 have similar shapes; i.e., four DSC exothermic peaks were obtained in Figure 3 (a). The peaks were denoted as P1, P2, P3, and P4 for slag 1, corresponding to four different crystallization events that occurred in slag 1 under different continuous cooling rates. [34] Nevertheless, it was observed that there were five exothermic peaks for slags containing TiO 2 , indicating the occurrence of a new crystallization event in the slag with TiO 2 additions. For the TiO 2 -containing slags, the peaks were designated as P1, P2, P3, P4, and P5, respectively. Comparing the position of exothermic peaks on DSC curves at the cooling rate of 5 K/min, a significant shift occurred toward a lower temperature and shape of exothermic peaks became sharper with an increasing cooling rate. Clearly, crystallization parameters such as nucleation and growth rates are functions of viscosity and degree of undercooling. Therefore, at a higher cooling rate, a higher undercooling was required and a lower crystallization temperature was caused.
Based on the aforementioned results, the CCT diagrams for the primary crystals with varying TiO 2 contents were constructed. It can be seen from Figure 4 that the crystallization temperature decreases with increasing TiO 2 contents in the slags, which suggests that TiO 2 lowers the tendency of crystallization. This result is not completely consistent with the previous results. For instance, Wen et al. [35] found that the crystallization ability of CaO-SiO 2 -TiO 2 systems increased first with increasing TiO 2 content, while the crystallization was restrained with further addition of TiO 2 content. The difference of the crystallization ability can be ascribed to the complex system and the multiple identities of Ti 4+ (network modifier or network former). Therefore, the effect of TiO 2 on crystallization can be further elucidated in the following sections. 
C. Identification of the Crystal Phases
To determine the crystal phases associated with the exothermic peaks appearing in the nonisothermal DSC curves, slag 1 and slag 3 were heat treated to qualitative characterize the behavior of crystallization. The slags were melted at 1823 K (1550°C) and then continuously cooled at the cooling rate of 10 K/min to the desired temperatures. At each desired temperature, the melts would be held 30 minutes isothermally to ensure that the crystal grew to a sufficient size for further characterization, and they were then extracted and quenched in water. The as-quenched slags were analyzed by XRD, and the patterns obtained are shown in Figure 5 . It can be seen that MgFe 2 O 4 spinel is the first crystal to precipitate upon cooling for slag 1 at 1473 K (1200°C), followed by MgFe 2 O 4 and nC 2 S-C 3 P that co-precipitated at 1413 K (1140°C), indicating that the exothermic peaks P1 and P2 represented the precipitation of the spinel (MgFe 2 O 4 ) and the P-enriched phase (nC 2 S-C 3 P), respectively. Unlike slag 1, with increasing TiO 2 content, it can be seen from Figure 5 (b) that the first crystalline phase is transformed into the mixture of MgFe 2 O 4 and Mg 2 TiO 4 . The second exothermic peak P2 still signifies the formation of the P-enriched phase. In addition, it can be seen from the XRD patterns of slag 3 quenched at 1173 K (900°C) that CaTiO 3 and Ca 2 TiSiO 4 can be detected, which can also be interpreted by the phase diagram of the CaO-SiO 2 -TiO 2 system. [36] It can be seen from the CaO-SiO 2 -TiO 2 phase diagram that the thermodynamic condition was favorable to the formation of CaTiO 3 and Ca 2 TiSiO 4 at a higher TiO 2 content. For P-bearing slags, the enhancement of CaTiO 3 and Ca 2 TiSiO 4 formation further promoted the enrichment of phosphorus into a certain phase (n'C 2 S-C 3 P, n > n¢), which would be formulated by the following equation: [19] 
To clarify the XRD results and the morphologies of the crystalline phases, the SEM/EDS technique was employed to display the different types of phases. Figure 6 and Table II show the backscatter electron microscopy of the slags with TiO 2 additions of 0, 5, and 10 wt pct, respectively. It can be seen from Figures 6(a) and (b) that, for slag 1, the first precipitated granular pale crystal can be identified as the spinel (MgFe 2 O 4 ) and the following precipitated polygonal gray crystal can be determined as the P-enriched phase (nC 2 S-C 3 P), respectively. It is worthy to note that the inner part of the polygonal gray crystal (phase C, Figure 6 (b)) can be identified as 2CaOAESiO 2 . Further consideration about nC 2 S-C 3 P crystallization behavior and its mechanism would be meaningful. Compared with the previous study, the precipitation mechanism for the P-enriched phase can be elucidated here: [37] First, 2CaOAESiO 2 particle precipitated from the molten slag; second, P 2 O 5 and CaO around the 2CaOAESiO 2 particle diffused to 2CaOAESiO 2 surface quickly; and third, P 2 O 5 existed as 3CaOAEP 2 O 5 and diffused into the 2CaOAESiO 2 particle and the composition of the particle changed to 5CaOAESiO 2 AEP 2 O 5 . As demonstrated in Figure 6(c), for slag 3 , the primary crystal transformed to the white lumps. These white lumps cannot be distinguished clearly through the appearance of the crystal, but when combining the image with the XRD and EDS results, the white lumps may be explained as a solid solution of MgFe 2 O 4 -Mg 2 TiO 4 . [38] Furthermore, some other information can also be concluded from the EDS and XRD result that the Fe-enriched phase (MgFe 2 O 4 ) and P-enriched phase (nC 2 S-C 3 P) behaved as the first two precipitated phases during the continuous cooling process.
IV. DISCUSSION
A. Nonisothermal Crystallization Kinetics
With the wide use of DSC to study crystallization, several methods have been put forward to obtain kinetic parameters from nonisothermal experiments carried out at different cooling rates. [39] [40] [41] During the nonisothermal crystallization process, the relative degree of crystallinity can be determined by measuring the partial area of the DSC peak. The relative degree of crystallinity a as a function of relative crystallization time can be theoretically estimated by means of the following equation: [42] a ¼
where dH t is the measured enthalpy of crystallization during an infinitesimal time interval dt in DSC measurement, t 0 is the time at which the crystallization just begins, and t 1 is the time when the crystallization is completed. Figure 7 (a) depicts the relative degree of crystallinity for primary crystal of slag 1 at five different cooling rates, which showed the S-shape curves. It is obviously observed that the t 1 value decreased with increasing cooling rate, suggesting that the crystal grew faster when the cooling rate increased. In addition, the S-shape curves can be schematically divided into three regions, i.e., first the random nucleus of crystal occurring at stage A, then the crystal growing rapidly at stage B, and finally the coalescence of crystal happening at stage C. [41] Figure 7 (b) shows the crystallization time of primary crystals with the cooling rate of 10 K/ min. Compared with slag 1, it can be seen that the crystallization time of P1 for slag 2 with 3 wt pct TiO 2 has a slight decrease. This may be attributed to the lower viscosity accelerating the mass transfer. Nevertheless, with the addition of TiO 2 above 3 wt pct, the primary crystal phase is transformed into MgFe 2 O 4 -Mg 2 TiO 4 solid solution. Therefore, the content of the formed solid solution increased with increasing TiO 2 content, resulting in increased crystallization time for MgFe 2 O 4 -Mg 2 TiO 4 .
The effect of TiO 2 on the crystallization of the slags was further analyzed by calculating the activation energy of crystal growth, which is one of the most important kinetic parameters for the crystallization process. By taking into account the influence of various cooling rates, Kissinger proposed a method for determining the activation energy values based on the first exothermic crystallization peaks. [39] In this study, the activation energy E a could be determined by calculating the variation of the crystallization peak temperature with the cooling rate. The equation was shown as follows: [39] ln
where T p is the maximum crystallization temperature in a DSC curve, b is the cooling rate, R is the universal gas constant, and A is the frequency factor, respectively. Because the dependence of ln b=T 2 p vs 1/ T p at considered temperatures is evidently a straight line, it is possible to evaluate the corresponding values of E a using Eq. [3] . Combined with the slope of the lines, the values of the activation energy were calculated and labeled in Figure 8 . It has been assumed in some works that the activation energy can reflect the tendency of the slag to crystallize; i.e., a higher activation energy value means a bigger barrier to form ordered structures. [43] It can be seen from Figure 8 that, as TiO 2 content increases from 0 to 10 wt pct, there is a noticeable increase on the activation energy for crystal growth. It is suggested that TiO 2 lowers the tendency for the slags to crystallize, which is consistent with the CCT diagrams; i.e., a higher TiO 2 content caused a lower crystallization temperature.
B. Structural Analysis
Generally, the structure characteristic of the slags is closely related to the viscosity and further the crystallization behavior. Therefore, Raman and NMR spectra were employed to detect a clear view of the influence of TiO 2 on the relationship between the viscosity and the crystal formation. Figure 9 exhibits the deconvoluted Raman spectra of slags 1, 3, and 5, in which the fitting process was conducted under the guidance of the study performed by Mysen.
[ 44] The previous study assigned the bands at about 855, 920, 988, and 1050 cm À1 to the presence of Q 0 , Q 1 , Q 2 , and Q 3 units (Q n , n = NBO/Si, NBO is the nonbridging oxygen number), respectively. In addition, the peaks near 970 and 1100 cm À1 correspond to the vibration of the dominant P-related groups, i.e., P-O-P and Si-O-P in the structure. The band near 680 cm
À1
can be assigned to the tetrahedrally coordinated Fe 3+ . [25, 26] By analogy with the spectroscopic results on the melts with others, [31, 45] [45, 46] It can be found from the deconvoluted Raman spectra that with the increasing TiO 2 content, the Q 2 and Q 3 bands gradually increase in intensity and become more distinct, whereas the intensity of Q 0 and Q 1 bands decrease. It means the increasing degree of the polymerization (DOP) of the silicate structure. According to Mysen, [47] the role of TiO 2 can compete with silicate complexes to coordinate metal cations (such as Ca 2+ ). The competition process can be represented by the following reaction: [45, 46] Si
where M represents the metal cation. Therefore, some portion of the nonbridging oxygens in the silicate melts transformed into bridging oxygen with the addition of TiO 2 , thereby polymerizing the portion of the silicate network, which can also be validated from the 29 Si NMR as shown in Figure 10 . Furthermore, Ti
4+
can substitute for Si 4+ in tetrahedral coordination in the structural units in the structure, and the number of average bridging oxygen will be significantly larger. In this case, the DOP of the slags will be increased in theory. Nevertheless, the physical properties of silicate melts such as viscosity are dependent on both the degree of polymerization and the strength of oxygen bridges in the silicate melts. [45] The present structural study shows that the degree of polymerization is slightly enhanced with TiO 2 addition. Therefore, the decreasing viscosity could not be explained by the increasing DOP. According to Zhang et al. [47, 48] and Zheng et al., [31] the strength of Ti-O bonds seems to be much weaker than Si-O bonds for the reason that Ti 4+ cation is larger in size and smaller in electronegativity compared with Si 4+ ; thus, the addition of TiO 2 to highly polymerized melts will decrease the viscosity.
Additionally, from the viewpoint of the structure, the Ti-related bands could give a qualitative explanation to the change of crystal phases, especially to Mg 2 TiO 4 , CaTiO 3 , and CaSiTiO 5 . According to Grave [49] and Ye, [50] 6 ]-octahedra structure unit is also the main component to build the structure of CaTiO 3 . [51] Therefore, CaTiO 3 was gradually crystallized. According to Li [51] and Kirkpatrick, [52] CaTiO 3 crystals were in nonfaceted morphology and the crystallization rate of CaTiO 3 rate was controlled by the diffusion of ion units (Ca 2+ ion and octahedrally coordinated Ti 4+ units) from bulk melts to the crystal-melt interface. In this case, the decreasing viscosity has a constructive effect on the crystallization of Combining the microstructure with the crystallization analysis, the primary enrichment mechanism of phosphorus may be elucidated. As chemical reaction in Eq. [1] shows, TiO 2 would capture C 2 S (Ca 2+ and [SiO 4 ] units) from the early precipitated solution (nC 2 S-C 3 P) to form CaSiTiO 5 and CaTiO 3 ; i.e., C 2 S vanished gradually (which can also be clarified from the decreasing Q 0 unit in Raman and NMR spectra [53] ) and improved the concentration of phosphorus in the P-enriched phase, which is consistent with the results of XRD. Moreover, it can be found from Table II that the solid solubility of phosphorus in the P-enriched phase can reach a value as high as 30.17 wt pct, which can fully reach the phosphorus content requirements of phosphatic fertilizer for agriculture.
V. CONCLUSION
In the present study, the effect of TiO 2 on the viscous and crystallization behavior of P-bearing steelmaking slags was investigated. The results can be summarized as follows: 4 . It is meaningful to find that the formation of CaTiO 3 and CaSiTiO 4 was beneficial to the enrichment of phosphorus in the P-enriched phase, which enhanced the solid solubility of phosphorus in the P-enriched phase by removing units of 2CaOAESiO 2 and, thus, increasing the P-content in n2CaOAESiO 2 -3CaOAEP 2 O 5 .
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